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Abstract 
The solution to the all polymer solar cell that breaks the 10% efficiency barrier keeps getting 
closer, with ever more scrutiny on each component in the active device for better 
performance. Much effort has been expended on the hole transport layers and photo-active 
polymer blends in these solution deposited photovoltaic cells. In this study we examine the 
merits of incorporating solution deposited metal oxide and hybrid metal oxide/reduced 
graphene oxide (RGO) based electron transport layers (ETL) with a view to providing further 
improvements to the PV cell architecture. Low bandgap active layer blends of [3,4-
b]thiophene/benzodithiophene (PTB7) and [6,6]-phenyl C70 butyric acid methyl fullerene 
(PC70BM) with efficiencies in excess of 7% are fabricated and the performance of four 
different ETL material systems based on TiO2, ZnO, TiO2/RGO, ZnO/RGO are compared to 
thermally evaporated optimised reference bathocuproine (BCP) PV devices. Hybrid metal 
oxide/RGO ETL incorporated solution processed devices show an improved device 
performance compared to metal oxide only devices, with the performance comparable to the 
thermally evaporated BCP with fill factors of 68% and short circuit currents reaching 15 
mA/cm
2
. The enhanced performance of the RGO incorporated hybrid ETL points the way for 
novel transport layers for all solution processed devices. 
 
Body 
Growing concerns with regards to the diminishing supply of fossil fuels and the impact of 
such non-renewables on global warming has made solar energy generation an important area 
of research. Of the many types of solar-energy converting systems, organic photovoltaics 
have attracted significant interest due to their low cost, light weight and the printable nature 
on flexible substrates.
1-2
 Bulk heterojunction (BHJ) organic solar cells are one of the material 
systems extensively investigated for this purpose, where an electron donating conjugated 
polymer and an electron accepting small molecule fullerene are been blended to form the 
active material.
1,3
 Recent breakthroughs in the development of low bandgap polymers for 
harvesting of photons from the red
4
 to the near infrared
5
.  
The performance of BHJ organic solar cells is driven by the following key processes: (1) 
absorption of a significant fraction of photons from the solar spectrum, (2) generation of 
excitons and their dissociation at the donor (D) – acceptor (A) interface (giving rise to the 
internal quantum efficiency), (3) transport of the free charges towards contacts, and, (4) 
extraction of these charges at the contacts to generate useful power (the external quantum 
efficiency or IPCE). Processes (1)-(3) have been extensively investigated, with engineering 
of the interfacial charge transport layers receiving attention due to its importance in the light 
coupling
6
 and charge extraction in these devices
7
. 
Two primary techniques are at present used in the deposition of such charge extraction layers: 
thermal evapouration
8
 and solution processing
9
. Although the use of thermally evaporated 
calcium an electron transport layer
4
, bathocuproine (BCP), a small molecule, that can also be 
deposited through thermal evapouration has also been used as an ETL
8,10
. However, recent 
investigations have focused on solution processed metal oxide layers have emerged as an 
alternative to thermally deposited ETL 
11
 Furthermore, such metal oxide based ETLs are 
known to act as an optical spacer under appropriate conditions, further enhancing the device 
performance
4
. This route has also offered enhanced device satiability due to the moisture and 
oxygen scavenging nature of the metal oxides
12
.    
In the research discussed here, the performance of polymer solar cells with a standard (or 
non-inverted architecture) based on the high performing [3,4-b]thiophene/benzodithiophene 
(PTB7) low bandgap polymer utilizing thermally evaporated BCP or solution deposited metal 
oxides (namely, zinc oxide and titanium oxide) or metal oxide/RGO composites are 
examined. Metal oxides as the ETL
6,11,13
, especially for inverted OPVs with power 
conversion efficiencies exceeding 7% have been reported
11
. However to the best of our 
knowledge, the use of hybrid metal oxide/graphene composites as have not been reported by 
other groups and as such paves a new way for improving the performance of OPVs.  
Traditionally, the charge transfer between metal oxide nanostructures is governed by a 
hopping process which leads to an increase in the series resistance of the device upon its 
incorporation as an ETL, Although RGO is not expected to possess the same mean free path 
for charge transport as graphene due to defects in the structure, it is reasonable to expect that 
RGO is likely possess mean free paths sufficiently long enough for charge transfer between 
two nanocrystals. As a result the metal oxide/RGO nanohybrids warrents investigation as an 
electron transport layer,   
The architecture used for the polymer solar cells in this work is highlighted in Figure 1(a) 
with the energy level alignment for the layers shown in Figure 1(b). While ZnO, TiO2 and 
RGO are observed to have favourably inclined band alignments for electron extraction from 
the active layer, the lowest unoccupied molecular orbital (LUMO) of BCP is expected to 
inhibit electron extraction. Despite this unfavourable band alignment, BCP is known to be an 
efficient electron extraction layer, primarily due to intermediate states existing in the bandgap 
that favours selective electron extraction from the active layer.
14
  Furthermore, BCP is also 
known to act as an exciton blocking layer that prevents the quenching of excitons generated 
in the active layer as a result of diffusion towards the Al contact, a diffusion layer that acts to 
prevent contact between hot Al and BCP thereby leading to the formation of an Ohmic 
contact and an interface layer that prevents the unfavourable dipole formation between AL 
and fullereences that inhibits electron extraction.
15
  
The surface morphologies of the different nanostructures/layers spin cast on the 
PTB7/PC70BM active material is shown in Figures 1(c)-(f). Analysis of the surface roughness 
over a scan area of 3 μm × 3 μm indicates values of 2.47 nm, 2.46 nm, 3.03 nm, 3.22 nm and 
3.34 nm respectively for BCP (4nm thick layer) TiO2,  ZnO TiO2/RGO and ZnO/RGO. This 
indicates with the exception of solution deposited TiO2, the deposition of oxides and metal 
oxide/RGO composites leads to a slight increase in the surface roughness in comparison to 
BCP. Although such an increase could be considered detrimental to device performance (eg. 
through the reduction of the fill factor due to increased leakage currents), the surface 
roughness noted is not significant enough to lead to a degradation of device characteristics. 
 
FIG. 1 (a) Schematic of the energy levels of ITO, PEDOT:PSS, PTB7, PC70BM, ZnO, TiO2, 
RGO, BCP and Al, (b) schematic of the device architecture employed, AFM microscans of 
(c) 4 nm BCP on PTB7:PC70BM, (d) ZnO on PTB7:PC70BM, (e) ZnO/RGO on 
PTB7:PC70BM, (f) TiO2 on PTB7:PC70BM and (g) TiO2/RGO on PTB7:PC70BM. The 
scale bars on figures (c)-(g) indicate 750 μm. 
 
The performance of the PV devices (current density (J)-Voltage (V) characteristics) 
incorporating the metal oxides, metal oxide/reduced graphene oxide and BCP under AM 
1.5G (100 mWcm
-2
) illumination are shown in Figure 2(a), with the device operation 
parameters given in Table 1. The short circuit current density (Jsc) obtained from the J-V 
measurements are in agreement with those calculated using the IPCE spectra presented in 
figure 2(b). The performance of PTB7/PC70BM bulk solar cells using solution processed 
ZnO, TiO2, ZnO/RGO, TiO2/RGO as the ETL, are comparable to the performance obtained 
using thermally evaporated BCP. Further scrutiny of the device performance characteristics 
indicate that the utilisation of metal oxide/RGO nanohybrid layers is beneficial in terms of 
enhancing the power conversion efficiency in comparison to the metal oxide only devices. 
The enhanced performance is attributed to the reduced series resistance (Rs) for the 
nanohybrid ETLs which leads to an increased charge extraction as observed through the 
imrpvement in the Jsc. 
Unlike in the work reported by You et al
11
(and also observed in our lab) for inverted device 
architecture, no UV irradiation of the metal oxide layers (especially TiO2) for efficient device 
performance was needed. Although the lack of a UV filter in the solar simulator used in this 
work could be ascribed as a possible reason, it is noted that the absorption due to the glass 
substrate and the presence of the photo-active polymer layers is likely to cut off a significant 
portion of the UV content. Therefore the observed high device performance close to record 
levels of ~7.4 – 7.5% over relatively large areas (~ 30 mm2) with off-the shelf solutions in the 
case of all the oxide based ETLs can be attributed to several different causes with the 
simplest being the doped nature of commercially available metal oxides. However, in the 
present case, it is more than likely that the deposition of hot Al species onto the metal oxides 
leads to the diffusion of the metal into the metal oxide resulting in a doped nanotrsucture 
which eliminates the need for any post UV treatment. As of present, further investigations are 
underway in order to obtain a better understanding of the actual physical process involved at 
the Al/ETL interface.  
Having understood that no post treatment is necessary to improve the charge extraction 
capability with the novel metal oxide and metal oxide/RGO nanohyrbid transport layers, we 
now proceed to obtain a fundamental understanding of these ETLs on the effect of charge 
extraction through Space Charge Limited Conduction (SCLC) analysis for electron only 
devices using he field independent Mott-Gurney equation
16
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Where, r is the relative permittivity of the active layer which is taken to be 3.0, 0 is the 
permittivity of free space, V is the applied potential to the device, Vbi is the built-in potential, 
L is the device thickness (taken to be 100 nm) and μ the charge mobility  (in this case the 
electron mobility)of the device For calculation of μ, the linear region of the J~(V-Vbi)
2
 plots 
(Figure 2) was analysed under dark conditions. The built-in potential was estimated on the 
intersection point of the photo and dark characteristics of the electron only devices.
17
 The 
electron mobilities calculated based on the above analysis are also given in Table 1. 
 FIG. 2 (a) J-V characteristics of the photovoltaic devices fabricated using different ETLs, (b) 
the IPCE of the devices measured in (a) and (c) SCLC analysis for electron only devices 
incorporating ZnO, TiO2, ZnO/RGO, TiO2/RGO and BCP as the ETL. 
 
 
Table 1: OPV performance parameters for different ETLs, with their the field independent 
electron mobility calculated using the Mott-Gurney equation. 
ETL Voc(V) Jsc(mAcm
-2
) FF 
(%) 
η Rs  
(Ω/cm2) 
μ (field independent) 
(cm
2
V
-1
s
-1
) 
ZnO 0.74 14.90 66.9 7.39 5.24 5.3*10
-4 
ZnO/RGO 0.72 15.19 68.6 7.50 4.92 3.7*10
-4
 
TiO2 0.74 14.84 65.7 7.22 5.47 4.9*10
-4
 
TiO2/RGO 0.74 14.99 67.2 7.46 5.41 4.5*10
-4
 
BCP 0.74 14.92 67.7 7.47 5.48 5.3*10
-4
 
 
Electron mobility values calculated through the SCLC analysis for the electron only devices 
indicate values on the same order of magnitude similar to those reported on solution 
processed ETLs
7
 indicating that the transport layers used in this work (including the metal 
oxide/RGO nanohybrids) do not act in detrimental manner for charge extraction. 
Furthermore, it is noted here that the dark characteristics obtained for the electron only 
devices indicate an initial linear behaviour prior to the onset of SCLC indicating that an 
Ohmic onctant has been formed. However it is interesting to note that the RGO incorporated 
ETLs show a slightly lower mobility compared to metal oxide ETLs without RGO. As the Rs 
for the ETLs is also observed to be reduced for the metal oxide/RGO nanohybrid ETL based 
devices, it is more than likely that the reduction of graphene oxide in the presence of the 
metal oxides has led to the doping of the oxide structures resulting in a low resistance ETL 
which enhances the photogenerated charge extraction.  .  
In conclusion, novel solution processable metal oxide/reduced graphene oxide nano-hybrid 
layers have been tested as electron transport layers for polymer solar cells. The results 
obtained indicates that the incorporation of graphene oxide to form reduced graphene oxides 
with the metal oxides leads to enhanced device performance over and above those observed 
for devices incorporating metal oxide (only) transport layers, indicating the beneficial nature 
of such complimentary systems for electron extraction. Furthermore, the performance of the 
devices incorporating these nano-hybrid layers is also observed to be comparable to the best 
performing devices utilizing thermally evaporated BCP as the ETL.  Combined with the 
added advantage of silution processability, the high performances achieved with these nano-
hybrid layers indicate a promising route towards all solution processed polymer solar cells.  
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Experimental section 
Preparation of metal oxides and metal oxide/reduced graphene oxide composites: In this 
work, preparation of the TiO2 solutions were prepared using P25 samples from Degussa 
while ZnO nanocrystals were used as purchased from Fisher Scientific. In order to prepare 
the metal oxide/graphene composites, reduced graphene oxide was initially prepared using 
the method described by Hummers and Offeman.
18
 Preparation of the TiO2/RGO was carried 
out using P25 (Degussa) and the graphene oxide synthesized following the method described 
by Fan et al.
19
 while a similar procedure was followed using the commercially purchased 
ZnO for the preparation of ZnO/RGO composites.  
Device fabrication and characterization: Photovoltaic devices were fabricated on indium tin 
oxide (ITO) coated glass substrates (sheet resistance of 10Ω/□) precleaned using acetone and 
methanol followed by oxygen plasma ashing. PEDOT:PSS (Baytron PVP AI 4083) was then 
spin coated onto ITO and dried at 140º C for 15 min to form the hole transport layer. 
Subsequently, the blend of PTB7 (1-material)/ [6,6]-phenyl C70 butyric acid methyl fullerene 
(PC70BM, Solenne) (25 mg/ml at 1:1.5 ratio) in a mixed solvent system of 
chlorobenzene/1,8-diiodooctane (0.97:0.03) was spin coated on top of the hole transport layer 
to form an 80-100 nm thick active layer. This was followed by either spin coating of ZnO, 
TiO2, ZnO/RGO, TiO2/RGO (~30-50 nm) or thermal evapouration of BCP (4 nm) to form the 
ETL followed by the deposition of the Al cathode through thermal evapouration. The 
photovoltaic device performance of the above devices were characterized in air (without 
encapsulation) using a 300 W Xe Arc Lamp solar simulator (Abet Technologies) fitted with 
an Air Mass 1.5G Global (AM 1.5G) filter calibrated to an intensity if 100 mW/cm
2
 and a 
Keithley 2425 sourcemeter. The IPCE measurements for the devices were carried out using a 
Bentham PVE300 system. For studies on the electron mobility based on space charge limited 
current (SCLC) analysis, electron only devices were fabricated by replacing the PEDOT:PSS 
layer in the architecture described above with a solution processed titanium suboxide layer 
(~5 nm) deposited through spin coating of titanium isopropoxide precursor solution prepared 
using the technique described by Kim et al.
6
 and subsequent thermal treatment in air at 80ºC 
for 10 min
3
. Except for the drying of PEDOT:PSS and the titanium suboxide layer, no other 
thermal treatment was carried following the deposition of the active layer is this was 
observed to lead to the degradation of the device performance.   
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